Nitrogenase is a complex enzyme that catalyzes the formation of ammonia utilizing a MoFe 7 S 9 C cluster. The presence of a central carbon atom was recently revealed, finally completing the atomic level description of the active site. However, important prerequisites for understanding the mechanism -the total charge, metal oxidation states and electronic structure are unknown. Herein we present high-energy resolution fluorescence detected Mo K-edge Xray Absorption Spectroscopy of nitrogenase. Comparison to FeMo model complexes of known oxidation state indicates that the Mo in the FeMo cofactor of nitrogenase is best described as Mo(III), in contrast to the universally accepted Mo(IV) assignment. The oxidation state assignment is supported by theoretical calculations, which reveal the presence of an unusual spin-coupled Mo(III) site. Although so far Mo(III) was not reported to occur in biology the suggestion raises interesting parallels with the known homogenous Mo catalysts for N 2 reduction, where a Mo(III) compound is the N 2 -binding species. It also requires a reassignment of the Fe oxidation states in the cofactor.
Introduction
Nitrogenase is the enzyme responsible for the catalytic reduction of dinitrogen (N 2 ) to ammonia. In contrast to the industrial Haber-Bosch process that reacts N 2 and H 2 at high temperature and pressure, the biological reduction proceeds at ambient temperature and pressure using a complex multicomponent protein system, which utilizes eight electrons, eight protons and 16 MgATP molecules. 1, 2 Unraveling the structural and mechanistic details of how nature activates the strong bond of dinitrogen is of fundamental importance and this knowledge could aid in the design of better catalysts.
The molybdenum-iron component (MoFe) of nitrogenase of Azotobacter vinelandii includes two types of complex metalclusters, the "P-cluster" and the FeMo cofactor (FeMoco). The Pcluster serves as an electron transfer site, while FeMoco is generally agreed to be the site of dinitrogen reduction. The FeMo cofactor consists of 7 irons, 1 molybdenum, 9 sulfides and an interstitial light atom that was recently identified as carbon by XES, ESEEM and high resolution crystallography. 3, 4 With the identity of the interstitial atom clear, the basic molecular structure of the cofactor can at last be considered complete. However, many questions remain about the resting form of the enzyme -namely the total charge of the cofactor, the oxidation state distribution and the electronic structure. Yet, this information is essential for any informed discussion of the molecular level mechanism of dinitrogen reduction. It is also essential knowledge for any rationally designed, bio-inspired catalysts.
Presently, three oxidation state assignments for FeMoco are discussed in the literature: (i) 6Fe(II)1Fe(III)Mo(IV) 5 ; (ii) 4Fe(II)3Fe(III)Mo(IV) 6 ; and (iii) 2Fe(II)5Fe(III)Mo(IV) 7 . These can alternately be written in terms of total charge on the cluster when sulfur and carbon are taken in their usual closed-shell form S 2and C 4-, thus giving [MoFe 7 S 9 C] 3-, [MoFe 7 S 9 C] 1and [MoFe 7 S 9 C] 1+ , respectively. For all of these oxidation state assignments, one can arrive at a total spin of S=3/2, consistent with EPR spectroscopy. 8, 9 Interestingly, all of these assignments assume a closed-shell diamagnetic Mo(IV).
The Mo(IV) assignment in the FeMo cofactor is based on early Mo K-edge XAS studies and 95 Mo ENDOR. As the molybdenum atom can be probed directly by either of these methods, it serves as an important starting point for understanding the complex electronic structure of the cluster. The initial XAS studies were carried out in the 1970s and 1980s, before the structure of the cofactor was known. Based on Mo-S derived bond lengths from the EXAFS region, an oxidation state of either Mo(III) or Mo(IV) was suggested. 10, 11 The absorption edge positions did not give a clear indication of the Mo oxidation state, largely due to the significant core hole lifetime broadening at high energies. Later, 95 Mo ENDOR experiments 12,13,14 indicated a small Mo hyperfine coupling in the protein and these data were interpreted as the molybdenum most plausibly being a closed-shell Mo(IV) rather than a S=3/2 Mo(III) or S=1/2 Mo(V). However, the authors acknowledged that the spin coupling schemes utilized were highly simplified and this assignment was not definitive. 13 In 1988, a follow up Mo L-edge XAS study 15 assigned the Mo atom in nitrogenase as Mo(IV), when taking the ENDOR data into account. However, a quantitative analysis of Mo L-edge data was prohibitive due to the proximity of the sulfur K-edge and the inadequacy of the available theoretical tools at that time. From this point on, the Mo(IV) oxidation state appeared to be set in the literature, despite the fact that the authors of both the XAS and ENDOR studies acknowledged the limitations of their methods.
In the present study, we directly address the question of the Mo oxidation state in FeMoco by using high-energy resolution fluorescence detected X-ray absorption spectroscopy (HERFD-XAS) as a means to overcome standard XAS limitations. K-edge HERFD-XAS detects fluorescent photons resulting from 2p to 1s radiative decay as a function of the incident X-ray energy scanned across an absorption edge. 16, 17 When this type of measurement is carried out the resultant spectra have greatly improved energy resolution (from ~6-8 eV in standard XAS to ~3.5 eV in the present study). Hence, HERFD-XAS at the Mo K-edge allows for more richly featured near-edge spectra than traditional XAS measurements, enabling the quantitative interpretation of these data using DFT calculations, as recently demonstrated by a calibration study. 18 In this work, Mo HERFD-XAS is applied to the MoFe protein of nitrogenase and to a series of FeMo model complexes.
These include the dimeric model complexes (Et 4 N) 2 [Cl 2 Fe(µ-S) 2 MoO 2 ] (1), 19 20 A schematic representation of these model compounds is given in the ESI ( Figure  S1 ). The structure of complex (3) is very similar to the half cubane containing the Mo atom in the FeMo cofactor of nitrogenase. A comparison of the structure of complex 3 and the FeMo cofactor is given in Figure 1 . These model complexes provide an excellent basis for an oxidation state assignment of FeMoco since they all represent Fe/S/Mo systems with known Mo oxidation states as derived through analysis of 57 Fe Mössbauer data. Hence, from this information and the total charge of the compounds, as well as X-ray diffraction data, the dimeric complexes are assigned as Mo(V), 21 while the cubane compounds contain Mo(III). 20, 22 For [MoFe 3 S 4 ] 3+ cores, as in 3 and 4, the Mo(III) assignment is further supported by theory. 23 In this work, we show that the detailed comparison of protein and model Mo-HERFD XAS data together with the results of density functional theory (DFT) calculations requires a revised oxidation state assignment for molybdenum in the resting state of FeMoco. Further, we demonstrate that the Mo(III) assignment holds for either of the [MoFe 7 S 9 C] 3-, [MoFe 7 S 9 C] 1or [MoFe 7 S 9 C] 1+ total charge is assumed. These results thus support Fe-based redox over this four electron series and suggest that a Mo(III) site could be mechanistically relevant. In order to obtain more quantitative insight into the electronic structure of the model compounds and the MoFe protein, we tested the ability of our previously established time-dependent density functional theory (TD-DFT) protocol for the calculation of Mo K-pre-edge spectra of heterometal clusters. Calculations on the model systems were performed on the anions in a polarizable continuum, while calculations of FeMoco were performed on a large 225 atom cluster model, consisting of the metal-sulfur cluster and a part of the nearest protein environment. An illustration and xyz coordinates of the FeMoco cluster model used in the calculations is shown in the ESI. As the charge of FeMoco is not confidently known, we considered the 3 possibilities: [MoFe 7 S 9 C] 3-, [MoFe 7 S 9 C] 1and [MoFe 7 S 9 C] 1+ . Figure C , the experimental MoFe data have been scaled by a factor of 1.85 in order to facilitate compairson with the calculated spectra. This scaling factor was established in a previous Mo HERFD XAS calibration study (see reference 18 for details).
Results and discussion
A comparison of the experimental and calculated pre-edges is shown in Figures 3A and B , respectively. It is evident from Figure 3B that the calculations reproduce the energies and intensities of the experimental spectra with excellent accuracy. Figure S9 shows the energy and intensity correlations between experiment and theory for a total of 14 model complexes studied by Mo HERFD (8 from a previous study and an additional 6 from the current study, full details are provided in the ESI). R-values of 0.95 and 0.98 are obtained for the energy and intensity correlations, respectively. Furthermore, the calculations demonstrate that the Mo K-pre-edge spectra are not sensitive to the assumed total charge of FeMoco. Hence, the total charge on the FeMo cofactor cannot be unambiguously assigned on the basis of these data.
Importantly, the strong correlation between the experimental and computed spectra demonstrates the suitability of our protocol to obtain more insight into the nature of the Mo oxidation state of FeMoco. However, since the electronic structure of FeMoco is extremely complex, it turns out to be most revealing to first analyze the electronic structure of 3, the closest structural analogue of FeMoco. In fact, the root-mean-square-deviation (RMSD) for the Fe, Mo, S/C and O/N/C atoms is ~0.15 Å ( Figure  1 ), demonstrating that 3 is a reasonable structural analogue for the molybdenum coordination environment in FeMoco. Furthermore, both, the experimental and calculated XAS edges indicate strong electronic similarities (Figure 3 ).
Iron-sulfur clusters are known to have valence-delocalized electronic structures involving complex spin couplings. 24 Hence, in order to obtain clean reference points for the analysis we have studied a hypothetical model of 3 where the iron ions were substituted by closed-shell diamagnetic Ga 3+ In this state, the local spin on one iron is aligned antiparallel to the other iron spins. Curiously, considerable spin population (-0.6 unpaired electrons) on the molybdenum is found, yet lower than expected for hypothetically isolated Mo(III) with local spin S =3/2 (and higher than expected for Mo(IV), S= 0). A localized orbital analysis reveals three singly occupied t 2g orbitals on the molybdenum, clearly indicating Mo(III) (see Figure 5 ). However, surprisingly, these singly occupied orbitals demonstrate the same type of configuration as in the previously described M S =1/2 state in the Ga-substituted cluster (1 α and 2 β spin orbitals in this case, i.e. ↑↓↓). This either suggests that the Mo(III) ion in [MoFe 3 S 4 ] 3+ has a non-Hund ground state with S = 1/2, arising due to strong coupling to the irons (but without a doubly occupied t 2g orbital), or possibly the spin coupling is even more complex owing to canting of all the metal spins involved. The orbital analysis also reveals electron delocalization between two iron atoms with parallel majority spin alignment, thus indicating a mixed-valence delocalized Fe(II)-Fe(III) pair, a common feature in iron-sulfur chemistry. 24, 25, 26 Despite the delocalization present, a formal oxidation state assignment of Mo(III)-Fe(III) 2 Fe(II) seems appropriate.
In order to substantiate this electronic structure description the Mössbauer parameters of 3 were calculated using previously established protocols 27, 28 (see ESI). Mössbauer spectra of 3 show two distinct signals with an intensity ratio of 1:2 that are characterized by isomer shifts of δ=0.46 and 0.51 mm/s and quadrupole splittings of ΔE Q of |0.61| and |1.09| mm/s respectively. 20 These signals can be plausibly assigned to a single high-spin Fe(III) ion and a delocalized Fe(2.5)-Fe(2.5) mixed-valence pair, in agreement with our electronic structure calculations as well as earlier results. 23 Our calculated isomer shifts for the three iron ions are 0.36, 0.45 and 0.45 mm/s respectively and the calculated ΔE Q values are 0.66, 1.26 and 1.25 mm/s, in good agreement with experiment. The iron atoms with the calculated higher δ and ΔE Q values are the irons forming the mixed-valence delocalized pair. Magnetic Mössbauer measurements of similar [MoFe 3 S 4 ] 3+ core compounds have additionally revealed antiparallel alignment of the two iron species, 29, 30 in agreement with the broken-symmetry solution.
TD-DFT computed Mo XAS transitions are consistent with the quasi non-Hund configuration at the molybdenum in 3 (see Figure 4 ). However, all transitions are shifted to higher energies by ~1.5 eV compared to the Mo(III)Ga 3 S 4 cluster, which indicates a strong Mo/Fe interaction in 3. In fact, the localized orbital analysis reveals the existence of bonding orbitals that are significantly shared (see Figure 5 ) between Mo and Fe ions. This is suggestive of the formation of a partial Mo-Fe heterometal bond, or, in other words, of a double-exchange effect in 3. The double-exchange effect is a wellknown phenomenon in iron-sulfur clusters, 24, 25, 26 however, it has not previously been suggested between molybdenum and iron. Thus, these results strongly suggest that an effective Hamiltonian describing Mo-Fe cubane systems has to account for both Heisenberg exchange and double exchange effects between molybdenum and iron.
To summarize the electronic structure analysis of the model compound 3, we conclude that the molybdenum is indeed a Mo(III) as has been proposed for [MoFe 3 S 4 ] 3+ cores, but has a quasi non-Hund (↑↓↓) configuration, somehow induced by the spin coupling in the complex. The latter may be described as an excited atomic state of an octahedrally coordinated Mo(III) ion, which is forced to be the lowest state through the spin coupling between molybdenum and iron or alternatively arises due to a more complex spin canting mechanism. We note that non-Hund states have previously been proposed to explain non-Heisenberg behaviour in magnetically coupled systems. 31 An important question is now whether this curious electronic structure established for 3 is also found in FeMoco.
Among the different total charge states investigated for our model of FeMoco, we focus here on the [MoFe 7 S 9 C] 1results. The analogous calculations for [MoFe 7 S 9 C] 3and [MoFe 7 S 9 C] 1+ lead to very similar results which have been collected in the ESI. The lowest energy solution found belongs to a broken-symmetry state with total M S =3/2. A qualitatively similar Fe spin coupling pattern has been previously reported by Noodleman and co-workers 32, 33 and has been referred to as BS-7. Importantly, analogous to what has been found for the model compound 3, significant spin population is found on the molybdenum (~ -0.6 unpaired electrons) and a careful investigation of the localized orbitals of [MoFe 7 S 9 C] 1reveals closely analogous electronic structure ( Figure 5 ). Thus, FeMoco features a similar pattern involving electron delocalization between Mo and Fe and the same putative non-Hund configuration (↑↓↓) at the molybdenum center. This result also nicely explains why the calculated Mo K-pre-edge spectra of 3 and FeMoco are highly similar. In fact, inspection of the transitions that contribute to the calculated pre-edge features reveals an almost identical series of 1s→4d t 2g transitions in 3 and in [MoFe 7 S 9 C] 1- (Figure 4) .
On the basis of this analysis we conclude that, an almost identical electronic structure around the molybdenum is present in FeMoco and in the model compound 3. Thus, the molybdenum in FeMoco is best described as consisting of a strongly spin-coupled Mo(III) center. This description holds irrespective of the assumed charge state of FeMoco. It is interesting to further explore the electronic structure similarities by focusing on the iron centers of FeMoco. Analysis of the localized orbitals of [MoFe 7 S 9 C] 1indicates a delocalized mixedvalence Fe(2.5)-Fe(2.5) pair in the [MoFe 3 S 3 C] 1+ part of the cluster. This implies that the [MoFe 3 S 4 ] 3+ and [MoFe 3 S 3 C] 1+ cores can all be described by the generalized spin-coupling diagram shown in Figure  6 . Importantly, since the same electronic configuration on Mo is found for all three possible charge states, it follows that all redox events must be primarily iron centered. However, what is not understood is the nature of the quasi non-Hund d 3 configuration at molybdenum that we obtain from the broken-symmetry DFT calculations or the overall spin coupling in either the [MoFe 3 S 4 ] 3+ or the [MoFe 7 S 9 C] n cores. Provisionally, one might arrive at a S=3/2 total spin ground state of the cubane by first antiferromagnetically coupling the mixed-valence pair with S=9/2 to a high-spin Fe(III) ion to give an intermediate spin of S=2 which then engages in the strong interaction with the S=1/2 state at the molybdenum to give the final S=3/2 result. But it is also possible that spin canting plays a major role. In the actual FeMoco the situation must be even more complex due to the presence of the other four iron ions and the central carbon. This important subject will be addressed in detail in future studies. Until the spin coupling is understood in detail, a quantitative interpretation of the Mo hyperfine coupling is unfortunately not possible. 13 We note that despite the novelty of a Mo(III) assignment, our calculations do not appear to be inconsistent with previous DFT studies on nitrogenase. 7, 32, 33, 34, 35 The work of Noodleman & Case, Dance and Szilagyi revealed non-zero spin populations on the Mo atom, which are in fact inconsistent with a diamagnetic Mo(IV) assignment. At the time these studies were carried out, however, the primary focus was on the identity of the central atom and a detailed evaluation of the Mo oxidation state assignment was not undertaken. Nonetheless, we note that the reported Mo spin populations vary (from 0.02 to 0.6). These differences can largely be attributed to the amount of Hartree-Fock exchange (HF) in the used functionals, with the lowest Mo spin populations arising when pure functionals are employed. Regardless of the absolute value of the Mo spin population, however, we find that the electronic structure remains qualitatively the same. A decrease in the spin population (when using pure functionals) does not indicate a closed-shell Mo(IV) in our calculations of FeMoco (or 3), but arises instead due to the differing amount of Mo-Fe delocalization of the Mo electrons in the non-Hund configuration. Spin-pairing, as required by a closed-shell Mo(IV) configuration is never observed. A localized orbital analysis of [MoFe 7 S 9 C] 1calculated with different functionals (resulting in different Mo spin populations), support this view, as shown in the ESI. The interpretation of FeMoco as containing a Mo(III) evidently requires a reevaluation of the iron oxidation state assignments commonly found in the literature. In order to be consistent with the S=3/2 ground state spin, the previously proposed FeMoco electronic structure have to be reassigned as follows: 6Fe(II)1Fe(III)Mo(IV) à 5Fe(II)2Fe(III)Mo(III) 4Fe(II)3Fe(III)Mo(IV) à 3Fe(II)4Fe(III)Mo(III) 2Fe(II)5Fe(III)Mo(IV) à 1Fe(II)6Fe(III)Mo(III) Thus, the present results suggests that a reevaluation of the magnetic Mössbauer data of the MoFe protein 6 is necessary. It also highlights the inherent complexity of analyzing the Mössbauer data from many contributing irons in the complex delocalized electronic structure of FeMoco, especially without complete knowledge of its total charge and structure. A detailed reevaluation of these data is the subject of ongoing studies.
We note that a molybdenum(III) assignment in an enzyme cofactor is unprecedented in biology. Prior to the present study, molybdenum active sites in biology had been assigned as Mo(IV), Mo(V) or Mo(VI). 36 Interestingly, a low-valent Mo active site raises parallels with the known Mo homogeneous catalysts for nitrogen reduction: the Schrock 37 and Nishibayashi 38 catalysts. In the more well-characterized Schrock system, 39, 40, 41 it is the Mo(III) state that binds nitrogen and becomes part of a redox cycle leading to the formation of 2 equivalents of NH 3 The discovery that the resting state of the nitrogenase enzyme contains a cofactor with a Mo(III) ion raises the question of whether the Mo site may play a direct role in the mechanism and this is currently being explored. It is well known that the resting state of the enzyme does not bind N 2 but rather a 3-or 4-electron reduced state. Our computations have revealed that adding electrons to FeMoco generally does not result in reduction of the Mo ion. Experimental results 42, 43 also suggests the Mo ion remains at the same oxidation state when the cofactor is reduced. The reduction most likely takes place at the Fe ions and Febound hydrides have also been suggested as carriers of the added electrons. 44 The N 2 -binding site remains a subject of intense debate 44, 45, 46, 47 but it does not seem inconceivable that a Mo(III) ion, bound to the electron reservoir, could be the site of N 2 reduction and we consider this important question far from settled.
Conclusions
Using a combined experimental and theoretical approach we have demonstrated that the molybdenum atom in the ironmolybdenum cofactor of Mo-dependent nitrogenase is best described as a Mo(III) coupled to the iron atoms in the cofactor. This is in sharp contrast to the previous description of the molybdenum as a closed-shell Mo(IV). Crucial to this oxidation state assignment was utilizing high-energy resolution fluorescence detected Mo XAS as well as a direct comparison of the MoFe protein with synthetic [MoFe 3 S 4 ] 3+ model compounds. The electronic structure of the FeMo cofactor, however, is still not fully understood. Understanding the spin coupling between not only the irons but also molybdenum and irons will be an important topic of future studies. Similarly, understanding the effect of the interstitial carbon atom on the electronic structure remains an open question. Ultimately a rigorous understanding of the molecular and electronic structure should aid in uncovering the basis of biological nitrogen reduction.
